Objective: Behavioral and psychological symptoms of dementia (BPSD) are associated with poorer prognosis of dementia. A 24-week study demonstrated that sodium benzoate, a D-amino acid oxidase (DAAO) inhibitor, surpassed placebo in improving cognitive function in early-phase Alzheimer's disease; however, benzoate did not excel placebo in another 6-week study on BPSD. The current study examined whether the precision medicine approach was able to identify specific individuals with BPSD who could benefit from benzoate treatment. Methods: In the randomized, double-blind, placebo-controlled, 6-week trial, 97 patients with BPSD were allocated to receive 250-1500 mg/day of sodium benzoate or placebo. Cognitive function was measured by the Alzheimer's disease assessment scale-cognitive subscale (ADAS-cog) and behavioral and psychological symptoms were mainly measured by Behavioral Pathology in Alzheimer's Disease Rating Scale (BEHAVE-AD). DAAO level, amino acids (L-serine, D-serine, L-alanine, and D-alanine, glycine), and two antioxidants (catalase, superoxide dismutase) were assayed in peripheral blood. Results: After benzoate treatment, DAAO inhibition was correlated with ADAS-cog decrease (p = 0.034), while baseline DAAO level was correlated with baseline BEHAVE-AD score. Multiple linear regression analyses showed that cognitive improvement after benzoate treatment was correlated with DAAO decrease, female gender, younger age, BMI, baseline BPSD severity, and antipsychotic use. Conclusion: The finding suggests that sodium benzoate may have potential to benefit cognitive function in a fraction of BPSD patients after 6 weeks of treatment. Of note, the precision medicine approach may be helpful for identifying individuals who could respond to benzoate. More studies are warranted to confirm the preliminary findings. Trial Registration: The trial was registered online (https://clinicaltrials.gov/ct2/show/ NCT02103673).
Introduction
The behavioral and psychological symptoms of dementia (BPSD) develop in Alzheimer's disease (AD), vascular dementia (VaD), and other kinds of dementia. pharmacological treatment has been found to have diseasemodifying activity, though some medications, including several antipsychotics, may have modest effects, [4] [5] [6] [7] [8] or approved by the US Food and Drug Administration (FDA) for treating BPSD. Altered N-Methyl-D-aspartate receptor (NMDAR)-related neurotransmission is involved in dementia manifestations, including cognitive and behavioral domains. 9 NMDAR over-activation leads to neurotoxicity, while its hypofunction results in neurodegeneration, 10 suggesting that NMDAR activity needs to maintain at an optimal range. 11 One of the avenues to enhance NMDAR function is via inhibiting D-amino acids oxidase (DAAO) activity. 12 In a placebo-controlled trial, 13 sodium benzoate, a pivotal DAAO inhibitor, 14 significantly improved the cognitive function of patients with early-phase AD, without BPSD. Precision medicine approaches have been advancing our understanding of the development and treatment of AD dementia. However, precision medicine has not yet been adequately applied by many of clinical trials for dementia. 15 Increased oxidative stress also contributes to aging processes and neurodegenerative diseases, while free radicals damage cells and tissues. 16 Antioxidants may help prevent and reverse cognitive deficits induced by free radicals. 17 Studies indicate a link among age-related NMDAR dysfunction, oxidative stress, and senescence and related cognitive decline. 18 Benzoate can inhibit reactive oxygen species 19 and increase the activity of catalase (CAT), an antioxidant, in patients with schizophrenia. 20 In a recent study on BPSD, 21 6-week treatment of benzoate (mean doses at weeks 2, 4 and 6 were 341.8 ± 121. 8 [SD], 528.4 ± 248.3 and 622.0 ± 340.6 mg/day of 622.0 mg/day, respectively) did not excel placebo in restoring cognitive function or reducing behavioral and psychological symptoms for all patients as a whole. Of note, the two treatments showed similar safety profiles. 21 Therefore, the current study aimed to test whether the precision medicine approach was able to identify subgroups of BPSD individuals who could respond to benzoate treatment, by measuring antioxidants, DAAO, and NMDAR-related amino acids in peripheral blood, 22 and examined their associations with treatment response of benzoate.
Methods and Materials
The methods and materials have been briefed elsewhere. 21 Here we provided more details.
Standard Protocol Approvals, Registrations, and Patient Consents
Patients were recruited from the outpatient clinics at the Department of Psychiatry, Kaohsiung Chang Gung Memorial Hospital, Kaohsiung, Department of Psychiatry, China Medical University Hospital, Taichung, and Department of Neurology, Lin-Shin Hospital, Taichung, which are three major medical centers in Taiwan. The study was approved by the institutional review boards of all three participating hospitals, and conducted in accordance with the current revision of the Declaration of Helsinki.
Patients were evaluated by research psychiatrists and neurologists after a thorough medical and neurological workup. Written informed consent was obtained from all participants or guardians of participants in this study. There was no disclosure of any recognizable persons in photographs, videos, or other information in this report.
The trial was registered on the ClinicalTrials.gov website (NCT02103673): https://clinicaltrials.gov/ct2/show/ NCT02103673.
Study Design
The inclusion criteria, exclusion criteria, concurrent allowable medications (anti-dementia medications and antipsychotics), and doses of study medications have been described elsewhere. 19 We now provided more details on the dose-escalation strategies. The dose of the study medications (sodium benzoate or placebo) was started at 250-500 mg/day (250 mg q.d. or b.i.d.), according to clinical judgement on patients' severity and tolerability. If the patients showed poor response and fine tolerability, the dose was increased by 250-500 mg/day from week 3; and, if still poor response and fine tolerability, the dose was further increased by another 250-500 mg/day from week 5. Patient's medical adherence and safety were closely monitored and ensured by caregivers and research physicians and pill-counting by the study staff.
Assessments
The cognitive function was measured by the Alzheimer's disease assessment scale-cognitive subscale (ADAS-cog) 23 at baseline and endpoint, and behavioral and psychological symptoms were measured by BEHAVE-AD at weeks 0, 2, 4, and 6. ADAS-cog is the most popular cognitive assessment instrument used in AD and VaD clinical trials. Its scores range from 0 (best) to 70 (worst). BEHAVE-AD, a commonly used tool for the assessment of BPSD, 24 consists of global Clinical ratings were performed by the research psychiatrists and neurologists who were trained and experienced in the rating scales. Inter-rater reliability was analyzed with the ANOVA test. Only raters reaching the intra-class correlation coefficients of ≥0.90 during prestudy training were allowed to rate the patients. To minimize inter-rater variability, each individual patient was assessed by the same rater throughout the trial.
Laboratory Measurements
Laboratory measurements, including DAAO, amino acids, and antioxidants, were measured at baseline and endpoint.
DAAO protein concentrations were measured using commercially available enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturer's recommended protocol (Cloud-Clone Corp, Houston, TX, USA). Briefly, 100 μL serum samples and the standard were added to each well of a 96-well plate. The solutions were incubated for 1 hr at 37°C. The liquid was then removed. One hundred-microliter Detection Reagent A was added to each well and incubated for 1 hr at 37°C. Each well was washed for 3 times, 100 µL of Detection Reagent B was added to each well, and the solutions were incubated for 30 mins at 37°C. Each well was washed for 5 times and then incubated with 90 µL substrate solution for 20 min at 37°C with the protection from light, and 50 µL stop solution was added to each well. A Benchmark Plus Microplate Reader (Bio-Rad) was used to read the optical density at 450 nm. The concentrations of DAAO in the samples were determined according to a standard curve.
For measuring concentrations of amino acids, plasma was firstly extracted by methanol (1:3, by volume), then filtered after 15 min centrifugation (1500 ×g) with nylon membranes (0.45mM, Minisart SRP4, Sartorius, Germany). Superoxide dismutase (SOD) levels were measured using commercially available kits according to the manufacturer's recommended protocol (Merck, Kenilworth, NJ, USA). Briefly, 200 μL of the diluted radical detector and 10 μL of standard or plasma sample were added to each well of a 96-well plate. Then, 20 μL of diluted xanthine oxidase was added to each well and then incubated on a shaker for 20 mins at room temperature. The absorbance at 450 nm was assessed with the Benchmark Plus Microplate Reader (Bio-Rad). The SOD level in the sample was determined using a standard curve and the formula.
CAT activity was measured using commercially available kits according to the manufacturer's recommended protocol (Cayman, Ann Arbor, MI, USA). Briefly, 100 μL diluted assay buffer, 30 μL methanol, 20μL plasma samples, standard and diluted Catalase (Control) were added to each well of a 96-well plate, and 20 μL diluted Hydrogen Peroxide was added to each well and incubated for 20 mins at room temperature. Next, 30 μL Potassium Hydroxide and 30 μL Catalase Purpald were added to each well and incubated for 10 mins at room temperature, and, then, 10 μL Catalase Potassium was added to each well and incubated for 5 mins at room temperature. The absorbance at 540 nm was assessed with the Benchmark Plus Microplate Reader (Bio-Rad). The CAT activity in the samples was determined using a standard curve and the formula.
Data Analysis
To ensure a sufficient sample size, a power analysis was conducted 26 and a power of 80% was obtained. Under the assumption of the medium effect (Cohen's f = 0.33), the sample size required per group was 37 to achieve a groupdifference of ADAS-cog score at 4, with S.D. estimated at 6. For further confirmation, we increased the sample size per group to about 48, which was larger than that (n = 30) of the previous benzoate trial in early-phase AD 13 and that (n = 20) in treatment-resistant schizophrenia. 20 Chi-square test (or Fisher's exact test) was used to compare differences of categorical variables and Student's two-sample t-test (or Mann-Whitney U-test if the distribution was not normal) for continuous variables (including some demographic characteristics, ADAS-cog, and laboratory measurements) between two groups. Mean changes from baseline in repeated-measure assessments (weeks 2, 4, and 6) (BEHAVE-AD and GDS) were assessed using the generalized estimating equation (GEE) method with treatment, visit, and treatmentvisit interaction as fixed effects and intercept as the only random effect; baseline value as the covariance. No imputation for the incomplete data was used for the GEE analysis. The working correlation matrix was specified as autoregressive of order 1, named AR(1).
Therapeutic effect sizes (Cohen's d) were used to determine the magnitude of improvement for the continuous variables resulting from benzoate treatment vs placebo. Multiple linear regression analyses were used to generate predictive models for treatment response.
Fisher's exact test was used to compare the betweengroup differences in the dropout rates. All data were analyzed by IBM SPSS Statistics (version 22.0; SPSS Inc.). All p values were based on two-tailed tests with a significance level of 0.05.
Data Availability Statement
The protocol of this study is online (https://clinicaltrials. gov/ct2/show/NCT02103673). 
Results
One hundred and twenty-one patients were screened, and 97 of them were eligible and randomized; all the randomized patients completed at least one follow-up (at week 2), and 84 (86.6%) of them completed the 6-week trial (Figure 1 ). The dropout rate (12.2%) of the benzoate group was similar to that (14.6%) of the placebo group (p = 0.20) (Figure 1 ).
Demographic data (including gender, age, diagnosis, age at illness onset, CDR), education level, body mass index (BMI), anti-dementia medication use, and antipsychotics use at baseline were similar between the benzoate group (n = 49) and the placebo group (n = 48). For details, refer to Table 1 in our previous article. 21 Blood Levels of DAAO, Amino Acids, and Antioxidants
All laboratory parameters were measured at baseline and endpoint. The DAAO concentration showed a minimal but insignificant decrease in the benzoate group, when compared to the placebo group (Table 1) .
For the five amino acids (L-serine, D-serine, glycine, L-alanine, D-alanine), there were also no significant differences in terms of baseline levels, endpoint levels, and changes from baseline to endpoint between the two groups ( Table 1 ). In addition, no significant correlations were found between DAAO levels and amino acid levels in both benzoate and placebo groups (data not shown).
For the antioxidants, the SOD changes from baseline to endpoint were similar between the two groups, while CAT tended to increase after benzoate treatment, albeit insignificantly (Table 1 ).
Blood Correlates of Clinical Outcomes
We further analyzed blood assays of DAAO, amino acids, and antioxidants vs clinical outcomes of ADAS-cog and BEHAVE-AD (the details of clinical outcomes have been described elsewhere) 19 in the two groups (Table 2 ). In the benzoate group, baseline DAAO level was correlated with baseline BEHAVE-AD score. The DAAO change was correlated with ADAS-cog change (p = 0.034).
In the placebo group, the baseline BEHAVE-AD score was significantly correlated with the baseline CAT level (p = 0.024) and negatively correlated with the CAT change (p = 0.021). There was no significant correlation between any other two items among DAAO level or change, SOD level or change, BEHAVE-AD score or change, and ADAS-cog score or change in the placebo group ( Table 2 ). The correlations among amino acids levels and clinical measures were insignificant in both groups (data not shown).
With multiple linear regressions (stepwise method) for the benzoate group (Table 3) , ADAS-cog score decrease was significantly associated with higher baseline BEHAVE-AD score, greater DAAO level decrease, higher BMI, female, antipsychotics use, and younger age (adjusted R square = 0.464); and BEHAVE-AD score decrease was significant with higher baseline BEHAVE-AD score, greater CAT decrease, and higher BMI (adjusted R square = 0.446).
In comparison, with multiple linear regressions (stepwise method) for the placebo group (Table 4) , ADAS-cog score decrease was significantly associated with male and lower baseline D-alanine level (adjusted R square = 0.228); and BEHAVE-AD score decrease was significant with higher baseline BEHAVE-AD score and more glycine increase (adjusted R square = 0.490).
Discussion
The study results showed that cognitive improvement after benzoate treatment was correlated with DAAO decrease, female gender, younger age, BMI, baseline BPSD severity, and antipsychotic use (Tables 2 and 3 ). More studies are warranted to confirm the findings and to identify target populations using precision medicine approach.
It is important but difficult to treat BPSD of all types of dementia. 15 In the current trial, whose clinical outcome has been published elsewhere, 21 with a lower mean dose (622.0 mg/day) of sodium benzoate than that (716.7 mg/ day) of the previous trial on AD, 13 14.6% discontinued (n = 7)
2.1% adverse events (n = 1)
12.5% non-adherence to protocol (n = 6) 0% physical illnesses (n = 0) 97 patients were enrolled
Baseline assessment and randomization
Efficacy and adverse effects assessed at weeks 2, 4, and 6
Efficacy and adverse effects assessed at weeks 2, 4, and 6 relationship, 2 g/day, rather than 1 g/day, of sodium benzoate has been demonstrated to improve overall symptomatology of clozapine-resistant schizophrenia. 20 Therefore, whether higher-dose benzoate treatment can benefit clinical performances and change levels of DAAO and amino acids requires studies. The current finding that there was no change on D-serine and D-alanine with treatment supports the antecedent finding that sodium benzoate at reported clinical therapeutic concentration did not affect D-alanine metabolism in dogs. 27 Therefore, clinical efficacy of sodium benzoate for treatment of dementia maybe not mediated through changes of D-serine or D-alanine. However, its effects on other amino acids such as D-aspartate 28 remain unknown. Further studies are needed to elucidate how sodium benzoate exert its therapeutic activity. 29 DAAO is implicated in oxidative stress. 30 Studies indicated that the DAAO level in peripheral blood increased with the severity of cognitive deficits in the elderly 31 and decreased after 6-week treatment of benzoate in patients with schizophrenia. 20 The insignificant DAAO decrease after benzoate therapy in this study may have been due to the relatively lower mean dose (as aforementioned) of benzoate compared to that (2000 mg/day) in the previous study for schizophrenia. 20 The current study showed that precision medicine approach also helped identify individuals who benefited from benzoate treatment in reducing behavioral and psychological symptoms, although benzoate did not excel placebo in this domain for all patients as a whole. 21 At baseline, higher CAT activity was positively correlated with higher BEHAVE-AD score in both treatment groups (Table 2) . And, higher baseline CAT and BMI predicted more decrease in BPSD (more BEHAVE-AD score reduction) after benzoate treatment (Tables 2 and 3 ). In addition, less CAT increase (even after controlling for other variables) was correlated with more decrease in BPSD after benzoate treatment (Tables 2 and 3 ). Benzoate also increased the CAT activity in a cell model of neurotoxicity. 32 However, after adding benzoate to clozapine for treatment of schizophrenia, the increase of CAT was correlated with the decrease of psychotic symptoms. 20 One possible explanation for the finding of the current study is that excessively increase of CAT made patients with BPSD over-vigorous and active, and the caregiver consequently regarded the emergent behaviors disturbing. It is always crucial to treat dementia as early as possible to stop or at least slow down its progression; compared to treatment for early-phase dementia, treatment for latephase dementia is much more difficult. 33 In addition, the role of NMDAR varies with dementia phases. 11 NMDAR enhancement may be beneficial for early-phase AD. 13 However, NMDAR over-excitation leads to excitotoxicity at late-stage AD. 11, 34 Since BPSD are more common in the late-phase dementia, it is expectable that the result of the current trial turned to be negative as a whole. 21 Psychosis is associated with worse cognitive decline in patients with dementia. 35 Though no medications have been approved for treatment of BPSD, antipsychotics have been commonly used for treatment of BPSD. 41 Future studies in antipsychotics-free patients are needed to elucidate the potential efficacy of benzoate for BPSD. Low BMI and BMI decline are known risk factors for increased incidence and mortality of dementia. 42 In this study, higher BMI was associated with better treatment response of benzoate, lending support to the importance of adequate nutrition in patients with BPSD.
Limitation
This study is limited by the short duration of treatment. Usually, it needs 6-12 months to ameliorate the cognitive decline of dementia. 43 In comparison to the 24-week benzoate treatment for early-phase AD, 13 its efficacy appeared similar to that of placebo in this 6-week study. A longer-duration trial is deserved to further clarify its efficacy. Secondly, repeated measures after short duration (6 weeks) may enhance the learning effect of cognitive tests, therefore improving the ADAS-cog performance (from 28.3 [mean] at baseline to 25.8 at endpoint) even in the placebo group 21 and perhaps outshining the true drug effect. Thirdly, as aforementioned, the average dose of benzoate in this study was lower than that of the previous study in early-phase AD (716.7 mg/day), 13 mainly due to the older patients in the current trial compared to the previous study (mean age 75.5 years vs 70.2 years). Finally, we measured only serum DAAO level. The correlation of serum DAAO level with brain DAAO level and activity deserves study in the future. We add this as a limitation on page.
Conclusions
The finding suggests that sodium benzoate may have potential to benefit cognitive function in a fraction of BPSD patients after only 6 weeks of treatment. BPSD are very heterogeneous and usually unstable, compared to cognitive deficit per se. Diverse manifestations and courses of BPSD may represent numerous pathogeneses. 15 Whether sodium benzoate can advantage at least a portion of patients with BPSD, particularly at their younger age and earlier-phase of illness deserves further studies. Consequently, applying precision molecular medicine may be capable of predicting benzoate effects on dementia and related BPSD. In the future, longer-duration, higher-doses (and perhaps also lower doses) clinical trials are necessary to determine the efficacy and safety of sodium benzoate for the treatment of BPSD, with the aid of precision medicine strategies. 
